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Foreword

This report documents two new implementations of equivalent linearization for solving geometrically

nonlinear random vibration problems of complicated structures. The implementations are given the
acronym ELSTEP, for "Equivalent Linearization using a STiffness Evaluation Procedure." Both

implementations of ELSTEP are fundamentally the same in that they use a novel nonlinear stiffness

evaluation procedure to numerically compute otherwise inaccessible nonlinear stiffness terms from
commercial finite element programs. The commercial finite element program MSC/NASTRAN

(NASTRAN) was chosen as the core of ELSTEP. The FORTRAN implementation calculates the

nonlinear stiffness terms and performs the equivalent linearization analysis outside of NASTRAN. The

Direct Matrix Abstraction Program (DMAP) implementation performs these operations within

NASTRAN. Both provide nearly identical results. Within each implementation, two error minimization

approaches for the equivalent linearization procedure are available - force and strain energy error

minimization. Sample results for a simply supported rectangular plate are included to illustrate the

analysis procedure.

The majority of this work was originally performed by Alexander A. Muravyov during his tenure as a

National Research Council post-doctoral research associate at the NASA Langley Research Center.

Additional enhancements and interfaces were subsequently developed by Stephen A. Rizzi. The authors

wish to thank Jay H. Robinson and Travis L. Turner of the Structural Acoustics Branch at the NASA

Langley Research Center for helpful discussions and comments.
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1. Introduction

Several methods exist for the prediction of geometrically nonlinear dynamic structure response including

perturbation, Fokker-Plank-Kolmogorov (F-P-K), Monte Carlo simulation and equivalent linearization

techniques. Perturbation techniques are limited to weak geometric nonlinearities. The F-P-K approach

[1, 2] yields exact solutions, but can only be applied to simple mechanical systems. Monte Carlo

simulation is the most general method, but computational expense limits its applicability to rather simple

structures. Finally, equivalent linearization methods [2-6] have seen the broadest application for

prediction of geometrically nonlinear dynamic response because of their ability to accurately capture the

response statistics over a wide range of response levels while maintaining a relatively light computational
burden.

Implementations of equivalent linearization using finite element analysis have been limited to special

purpose computer codes. This is largely due to the inaccessibility of the nonlinear stiffness quantities in
commercial finite element applications. That changed when an equivalent linearization analysis was

introduced into MSC/NASTRAN (NASTRAN) [7] as a Direct Matrix Abstraction Program (DMAP)

Alter [8, 9]. In that implementation, the equivalent stiffness was obtained as the sum of the linear

stiffness and three times the differential stiffness. This formulation was found to over-predict the degree

of nonlinearity and produce non-conservative results. Over-prediction of nonlinearity can produce the

undesirable result of structural designs incapable of withstanding the applied loads in an acceptable
fashion.

An activity was recently undertaken to more accurately determine the equivalent stiffness through a novel

approach [10, 11]. In it, the nonlinear stiffness coefficients from commercial finite element programs

may be numerically extracted by solving a series of inverse linear and nonlinear static problems. While

this approach is applicable to any commercial finite element program having a nonlinear analysis

capability, NASTRAN was selected due to its widespread use in the aerospace industry. The use of this

new approach in an equivalent linearization analysis has been validated against F-P-K [11] and numerical

simulation analyses [l 2] for clamped-clamped beams.

This report documents two new implementations of the above approach. The implementations are given

the acronym ELSTEP, for "Equivalent Linearization using a STiffness Evaluation Procedure." Both

implementations are fundamentally the same in that they each use the stiffness evaluation procedure
indicated above. The FORTRAN implementation calculates the nonlinear stiffness terms and performs

the equivalent linearization analysis outside of NASTRAN. The DMAP implementation performs these

operations within NASTRAN. Both perform NASTRAN normal modes (solution 103), linear static

(solution 101) and nonlinear static (solution 106) analyses for the calculation of the nonlinear stiffness

terms and provide nearly identical results. Optional post-processing is performed by substituting the total
equivalent stiffness matrix in place of the linear stiffness matrix in a random (solution 111) analysis.

Within each implementation, two error minimization approaches for the equivalent linearization

procedure are available - force and strain energy error minimization. Either or both may be run to obtain

the total equivalent stiffness and root-mean-square displacements. The traditional force error
minimization approach [3, 4] is implemented as described in [10, 12]. An extension of a single degree-of-

freedom strain energy error minimization approach [5, 6] to multiple degree-of-freedom systems [10] is

also implemented.

It should be noted that this analysis has been only developed for, and only validated against cases in

which the structure exhibits stretching of the middle surface, e.g. clamped and simply supported

structures. The reader is advised not to apply it to problems in which the nonlinear behavior is manifested

in other ways, such as in cantilevers.

Information about the ELSTEP source code distribution and installation may be found in Appendix A.

The FORTRAN implementation is platform independent. All FORTRAN programs, in both the
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FORTRAN and DMAP implementations, should be compiled with a FORTRAN 90 compiler. The
DMAP implementation uses string-based Alters of NASTRAN version 70.0.0 solutions. It is therefore

expected to be upward compatible with future versions of NASTRAN.

Throughout this document, specific filenames used in the analysis are made reference to in bold font.
Sample results for a simply supported rectangular plate are included to illustrate the analysis procedure.
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2. Finite Element Model Development

In order to perform the analyses described in Sections 3 - 5, it is necessary to develop three bulk data files

based on two finite element model databases. One database is for a dynamic model and one is for a static

model. The dynamic model is used for normal modes (solution 103) and random (solution 111) analyses.

The static model is a modification of the dynamic model and is used for linear static (solution 101) and

nonlinear static (solution 106) analyses. In the following, it is assumed that the finite element models are

built in MSC/PATRAN (PATRAN) [13], although this is not required.

2.1. Normal Modes Analysis Bulk Data File

• Create a new database called "filename_eg,'" for example. Note that in the following, filename is

an 8-character prefix.

• Create the finite element model as usual including boundary conditions, material properties,
loading, etc.

• In the "Analysis" dialog box, type "'filename_eg" as the job name. See for example Figure 1.

Action: Analyz8 ..z [

ObjR_: Entlra ModQI .a 1

Method Analysis Deck _ I ::

st.dy:f..................................................................ii

.......................................................................................i i¸

i awll_ble Jobs i

LI,,p_,t.._ng i_i

ir_,,,.,", ,,, J_ i

i,ob....

i .lob DQIcrlp|ion I '

i..J..................................................................I(_i

t...,........,....,l

i

DImd TeXt Input... J _

Sub(zzS. Cm_tte... l i

Sub..Salad... Ii

Apply i

Figure I" Screen capture of PATRAN "Analysis" dialog box for solution 103.

In the "Solution Type" dialog box, choose "Normal Modes" analysis (solution 103), as shown in

Figure 2.
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Setupthe"SolutionParameters"dialogboxasshowninFigure3. Themasscalculationmaybe
lumpedorcoupled.

MSC/NASTI_N

Solution Type

. ............................................................................ ,

: Solu|_ Type:

i v LINEAR STATIC

I

[ V NONLINF.AR STATIC!

_ NORIr4A/MOOE_
f

I _- COMPLEX EIGENVALUE
ii

I _, FREQUENCY RESPONSE

i'l V TRANSIENT RESIIC)NSE

i i v" NONLINEAR TRANSIENT

i

Figure 2:

.Solution Pit retailers.., l

! ._Muflon Sequence: 103

Screen capture of PATRAN "Solution Type" dialog box for solution 103.

I_rmJl Modes Soluti¢_ i_mr, mterJ i

W I_teb4_ Run

.J Cyclic Syl*llm_t ry

/_ AotOnlltlic _ns|mlnls

d Use Shell Nclmmls

blass CelcuMtloe:
ii

r_te Dec_k Echo:

PMIe Rz Slllfness Fader =

: _xlrnum Run Tin'm = I_,600 i

i i

: Wt.-M4SS Con-g.. = [_I.O

Node I.d. for Wt. Gener. = 1[.

_,_x p ...e,.d.p,t.-.,_ C¥_-_, = 113 i

[

i
i

!i:

Figure 3: Screen capture of PATRAN "Solution Parameters" dialog box for solution 103.
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• From the "Analysis" dialog box, select the "Subcase Create" dialog box and select the

appropriate load subcase (one with boundary conditions but no loads), as shown in Figure 4.

• From the "Subcase Parameters" dialog box of the "Subcase Create" dialog box, set the options as

shown in Figure 5, with the number of desired roots applicable for the particular analysis. This

set of eigenvectors is subsequently referred to as the "large" set of eigenvectors.

Figure 4: Screen capture of PATRAN "Subcase Create" dialog box for solution 103.

From the "Output Requests" dialog box of the "Subcase Create" dialog box, choose the

"Eigenvectors" result type as shown in Figure 6.

Select the "Analysis Deck" method from the "Analysis" dialog box to create the file

"filename_eg.bdf' for subsequent analysis. The extension " eg" is required as it is referenced in

the subsequent analyses. An example bulk data file is provided in Appendix B.
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_rmm'erem.r,m'mmm_m

Figure 5: Screen capture

Figure 6:

NUmber of Dllslrad Pools =

Dtlgltoillc Output Level:

I_sulll Norltll Iizallon

REAL EIGF_NVALLIF exteacnon

Exlmclion Method: I_nczos -J J

: Fmqumrley Rl.nge of Intotest

I _''_ ................IT......................................................
[ ,,_.,o IT

_1 r)O

lT,Io

Normalization Ihlthod: iti4ss -J J

Ji._o

i, o_ ,,J _n.n J

ofPATRAN "Subcase Parameters" dialog box for solution 103.

5UBC4-%E NAME: D_feult

: SOLUTION SEQUENCE: 103

Form Type: BASIC -._ ]
i

Resul_ Type

IMiJItl-Pl)int Constl_inl For_os

Element FoI£111

E_nt ._tr_t }re EnePg_l

Element Strains

Grid Point 5tresses

Grid I_l_t Fm'm hllnm

,._._,,,,.tlll II II I
_d I;;

Output Requests

VECTORGORT I ,REAL]=AI ! FEM lj

Delete ,j

I ..............................................................................................................................................]

I
I

Screen capture of PATRAN "OutPut Requests" dialog box for solution ]03.
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Static Analysis Bulk Data File

Copy the dynamic database "filename_eg.db" to 'ilqlename_st.db," for example. The 8-character

prefixfilename must be the same as that used for the normal modes bulk data file.

Open 'i/_lename_st.db" in PATRAN and make the following modifications:

o Add an extra grid point with a connecting beam or rod element. Note the added element

must have a nonlinear capability and be connected to the structure at a fixed boundary.

Equivalence the node where the new element is connected to the structure and, if

necessary, renumber so that the node numbers of the main structure are the same as those

for the normal modes analysis. In this manner, the extra grid point and element number

will be greater than the highest grid point and element number of the original model.

o Create a new load case and delete any previously applied loads from the model. To the

new load case, apply an arbitrary non-zero nodal force at the extra grid point.

o To the new load case, create a constraint displacement set, which sets all degrees of

freedom to zero values except for those at the extra grid point.

Note that the necessity to introduce an extra element is an artifact of the solver

implemented in NASTRAN solutions 101 (linear static) and 106 (nonlinear static).

Specifically, these solutions can only solve the forward static problem, that is, these

solutions solve for a set of displacements from a specified loading. In order to determine

the nonlinear stiffness coefficients, it is necessary to solve linear and nonlinear inverse

problems, which compute the forces due to a prescribed set of displacements. The extra
element is introduced to allow NASTRAN to solve for a dummy set of displacements

with the set of prescribed displacements acting as displacement constraints. The sought

vector of applied loads (not including the extra load) is identical to the set of single-point-

constraint forces in NASTRAN terminology.

! Norllinllar $|itlic Salullon P/rsrruters

............................................................................................................................ 1

-I AutomuUc C..onstmlrds

P" LArge Oisplacsmants

-I Folhuwer For_s

M_ss Calculltlon: Coupled _a [

Data Deck Eclm: None ..J [

Plate I_ Stiffness [a¢1lo¢ = J_100.0

M4tximum Prlnled UnQs = ]_:J99_9

Mtxlrrmm Ru_t Tlrl_ = [_300

Wt,-MaSS CoI3vlffslolt = J'1.0

Node I.d. for WI. Gener. = [i,

Figure 7: Screen capture of PATRAN "Solution Parameters" dialog box for solution 106.

In the "Analysis" dialog box, type "filename_st" as the job name.
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• Inthe"SolutionType"dialogbox,choose"NonlinearStatic"analysis(solution106).Notethat
theresulting".bdt"fileisalsousedinsolution101andisautomaticallymodifiedforthis
purpose,asdescribedinSections3and4.

• Setupthe"SolutionParameters"dialogboxasshowninFigure7. Themasscalculationis
irrelevantforthestaticcase.

• Fromthe"Analysis"dialogbox,selectthe"SubcaseCreate"dialogboxandselectthenewload
subcase.

• From the "Subcase Parameters" dialog box of the "Subcase Create" dialog box, set the options as

shown in Figure 8.

Figure 8: Screen capture

Static Ncmlinear ItorQtions

i NumbQr of Lc_d IncnllT_lnls =
i

II MLttrfx Update Method: Aufomsti¢

i
i Number(If Iterstlcms per Up(htte =

i AIIowttble Iterlttlons per Iricremant =

ConvQrQsnoD Criter_

_J DIspl_camanl F.rmr

F Load Error

Lad Tolemnot = li_.0,+13

r Work ErrOr

of PATRAN "Subcase Parameters" dialog box for solution 106.

• From the "Output Requests" dialog box of the "Subcase Create" dialog box, choose the

"Constraint Forces" result type as shown in Figure 9.

• Select the "Analysis Deck" method from the "Analysis" dialog box to create the file

'filename_st.bdf' for subsequent analysis. The extension" st" is required as it is referenced in
the subsequent analyses. An example bulk data file is provi-ded in Appendix C.

2.3. Random Analysis Bulk Data File

A random analysis (solution 111) is required only if post-processing of displacement power spectral
densities or stress/strain root-mean-square values or PSDs is desired.

• In the 'filename_eg.db" database, create a new load subcase and add the appropriate dynamic

loading (in physical coordinates) corresponding to the modal loading specified in the equivalent
linearization analysis (see Sections 3.1.2 and 4.1.2).
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Figure 9:

SUBCASE N_ME: DQfeult

SO_LUT)ON SIeQLIENCIE: IO6

ForITI TypQ: bst¢ _]

i _led R_sull TypB

[_,p,.... t, I

L,_"a.'.2,_'.'..:.,_%
IElRrrmnt rorols

IGdd Point Slmslm1

; Outpul R_qZleSts

_ PCFORCI_ (SO4_T I _RF.AL)=AII FEM

...... l---i---- ....
Frequency PJsponse SoluIIO¢I _l_rlIlers

F _tal_le Run

Modal .J I
Foerrlula I_:

J Cy(_i_ 5yrNl_t_*f

P Aulomllic C.onil llll rll!

J gsll Shell NlXlTIIS

Miss CIIcuhlt io11:

Dst& Deck Edge:

_te llz Stlflnlss Fidllr =

MiLxlmum P_ntlld UlNIS =

itl_lmum Run Tlnll =

WE-Miss Cml_r_i_ =

Node i.d. for Wl. C_lnllr, =

SlrUdo I_mping _fr. =

r.o_plod .._I

NOne ._ ]

_.o

_.0

.......... c_,,_,: _,dud_on... j

OK j I)_I_U .S J C_.OB, J

Figure 10: Screen capture of PATRAN "Solution Parameters" dialog box for solution 111.
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• In the "Solution Type" dialog box, choose "Frequency Response" analysis.

• In the "Solution Parameters" dialog box, select the settings as indicated in Figure 10 with the

formulation as modal to specify solution 111 and mass calculation as desired (lumped or

coupled).

• Select the "Eigenvalue Extraction" dialog box from the "Solution Parameters" dialog box and set

up the values as indicated in Figure 11. The number of desired roots should be the same as the

large set of eigenvectors specified in the development of the normal modes analysis bulk data file.

Efi_]]

Figure 11"

REAL EIGENVALUE EXTRACTION

Extraction Method: Lan_os _ I

! Fmq_ncy Range d Interest :

.....................ii................................................................................
i ti .........I

Number M Desired Roots =

_zlo

Dlegnoslic Output Lavel:

bsuIll NormLIIztllon

Mass -a Ji Nr_rr_r_lize, lH_lrl Mt_ltt_(|:

i

o, r I ,1
Screen capture ofPATRAN "Eigenvalue Extraction" dialog box for solution 111.

From the "Subcase Create" dialog box, specify the frequency range in the "Subcase Parameters"
dialog box. See Figure 12, for example. For consistent results between the equivalent

linearization analysis and the solution ] l l post-processing analysis, the frequency range should

be the same as that used in the equivalent linearization analysis (see Sections 3.1.4 and 4.1.4).

Starling Freq_ncy : J'_).O

Ending Frequency : ] 102_

# of Freq. Incmnmnts = [4096 ]

Figure 12: Screen capture ofPATRAN "Subcase Parameters" dialog box for solution l l 1.

* In the "Analysis" dialog box, type fixeDl 1 l_rd as the job name to create the bulk data file

fixeD11 l_rd.bdf. This filename is required as it is referenced in the subsequent analysis.

• It is necessary to manually edit the bulk data file fixeDl 1 l_rd.bdf in preparation for the analysis

run. The manual edits are indicated in bold in the sample listing provided in Appendix D.
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3. FORTRAN Implementation

The analysis is subdivided into two parts. The first part calculates the nonlinear stiffness coefficients.

The second part performs one of two equivalent linearization procedures to compute the total equivalent

stiffness matrix and RMS displacements. A description of optional post-processing is provided in Section
5.

3.1. Input Files

In addition to the bulk data files discussed in Section 2, several additional input files are required to

specify various parameters used in the analysis. These are detailed below.

3.1.1. Modes Selection File

The file fixed.mod indicates which eigenvectors out of the large set of eigenvectors participate in the

analysis. The format for fixed.rood is a free ASCII format as specified below.

LINE 1: Number of selected modes (NMOD).

LINE 2: Selected modes (e.g. 1S' and 4'h).

LINE 3: Scaling coefficients for each eigenvector selected. The product of each eigenvector and scaling

coefficient produces a displacement field, which is used as a prescribed displacement set. The

scaling coefficients should be chosen to be equal and not made too large so that the product of

the eigenvector and coefficient will represent a realistic prescribed displacement within the

linear range. The value of 1.0e-4 appears to work well for cases considered thus far.

A sample listing offixed.mod with two selected modes (NMOD=2) is provided below.

2

1 4

1 .e-04 i .e-04

Note that specification of the participating modes may necessitate running a standard normal modes

analysis prior to the procedure for calculating the nonlinear stiffness coefficients described in Section 3.2.

In addition, ifa post-processing analysis is to be performed (as described in Section 5), the same
information must also be specified in the file fixeD.mod, as described in Section 4.1.1.

3.1.2. Spectral Density Loads File

The file fixed.den contains the spectral density matrix of the applied loads in modal coordinates ,_ _ (co).

The format for fixed,den is a free ASCII format as specified below.

LINE I: Number ofbreakpoints used to define frequency spectrum. (Min 2, Max 50). Between each

breakpoint, each value of the $0 (o9) is linearly interpolated at the frequency increment

specified in fixed.par (see Section 3.1.4).

LINE 2: Frequency of first breakpoint (Hz)

L1NE 3: First row of modal spectral density matrix (NMOD entries) at first frequency breakpoint.

LINE 3 + NMOD:

Last row of modal spectral density matrix (NMOD entries) at first frequency breakpoint
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(Lines2toLine3+NMODarerepeatedforeachbreakpoint)

A samplelistingof fixed.den for a flat spectrum between 0-1024 Hz with two selected modes is provided
below.

2

O. 00000000000000

6. 83899171960566 2. 27952175755947

2 .27952175755446 0. 759793205814123

1024 .00000000000

6 .83899171960566 2 .27952175755947

2 .27952175755446 0 . 759793205814123

To be explicit, at both 0 and 1024 Hz, the following spectral density matrix of applied loads in modal

coordinates is specified:

_l,(O, 1024)=[Sf.r,, S_-,:]=[6.84 2.28]
LS'.O21 S/I22 L2.28 0.76_[

This matrix is computed as

0%(o9) 

where S 0 (o9) is the fully-populated, real-valued spectral density matrix of the load in physical

coordinates and _ is the subset of selected eigenvectors. Because S_z (co) is real-valued, only correlated

inputs are permitted. This condition allows loadings such as normal acoustic pressure, inertial loading
(for base excitation), and one or more correlated point forces or moments. It does not allow loadings

which generate complex terms, such as grazing incidence acoustic loading.

(l)

The values of Sg (o9) specify the double-sided spectrum level in units2/rad/sec. In order to specify the

same load in physical coordinates for a solution 111 post-processing analysis, the values of Str (co) must

be converted to a single-sided spectral density in units2/Hz by multiplying by 2 x 2_. These may then be

specified on the TABRNDI card of the bulk data file.

From equation (1), it is obvious that a normal modes analysis must first be performed to obtain the

eigenvectors. Several files containing eigenvectors are formed in the first part of the analysis used to

calculate the nonlinear stiffness coefficients (see Section 3.2). The eigenvectors to be used in equation

(1) are the set of selected g-size (all degrees of freedom including constrained ones) eigenvectors from the

file egveCa.dat.

In order to facilitate generation of the modal spectral density matrix of the applied loading, the utility

program gensff (described in Section 3.3) may be used to automatically compute the values and write
them to fixed.den for a limited set of loading conditions.
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3.1.3. Damping Matrix File

The file fixed.dam contains the diagonal modal damping matrix. The format for fixed.dam is a free

ASCII formatted square matrix (NMOD x NMOD) as specified below.

,0...01C2 0 0

C,VMOD

A sample listing of fixed.dam with two selected modes is provided below.

14.6618 O.

O. 14 .6618

In order to specify the same damping for a solution 111 post-processing analysis, the values must be

converted to percent critical damping through the usual relation

< =c__,
2o),

where C, are the modal damping values (as specified in fixed.dam) and o% are the linear eigenvalues, not

those of the equivalent linear system. This value of load may then be specified on the TABDMPI card of
the bulk data file.

3.1.4. Parameter File

The file fixed.par contains various additional parameters required for the analysis. The format for
fixed.par is a free ASCII format as specified below.

LINE 1:

LINE 2:

LINE 3:

Minimum and maximum frequency range of the analysis (Hz). Note that the maximum

frequency range should be selected well beyond the frequency of the highest selected mode.

This is necessary so that the resonant frequencies don't shift out of the analysis bandwidth as

nonlinearity increases. If the minimum or maximum analysis frequencies specified above fall

outside of the bandwidth of applied loads (specified in fixed.den), the load will be padded with
zeros at either low or high frequency end. If the minimum or maximum analysis frequencies fall

inside of the bandwidth of applied loads, the loading will start and end at the frequencies

specified above.

Frequency increment used in the analysis (Hz)

Weightings a' and ft. A discussion on how the weightings are used is given in [12]. The

weightings must sum to 1. Typical initial values are a' = 0.4 and fl = 0.6 for the force error

minimization approach and cr = 0.05 and fl = 0.95 for the strain energy error minimization

approach. The choice of weightings may influence the solution to which the system converges,
as discussed in Section 3.3.1.

LINE 4: Convergence criteria g

A sample listing of fixed.par is provided below.
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0. 1024.

0.25

0.4 0.6

O.OOB

3.2. Calculation of Nonlinear Stiffness Coefficients

The method for calculating nonlinear stiffness coefficients is shown in the flowchart in Figure 13. Each

operation is separated by a dashed line and is run in the sequence shown from top to bottom, The various

operations are described below.

• prepl03 - This FORTRAN program reads the bulk data file 'i/ilename_eg. bdf' and rewrites it to

the file fixedl03 eg.bdf. The program prepl03 adds lines to the file management and case

control sections of the bulk data file 'ilTlename_eg. bdf" The lines that are added are sbown in

bold in Appendix E. It also creates the file prob_prefix.scr, which contains the 8-character

prefix (i.e. filename) for use in other file manipulation programs.

• The first NASTRAN run calculates the eigenvectors of the model and writes them to two files for

subsequent use as described below. This NASTRAN run utilizes the DMAP alter dm_103.v to

modify the standard normal modes analysis (solution 103).

o egvee.dat contains the mass-normalized large set of g-size eigenvectors (all degrees of

freedom including constrained ones) requested in the modeling phase (see Figure 5).

This is an ASCII file with the INPUTT4 DMAP matrix input format [ 14].

o egveH.dat contains the mass-normalized large set of l-size eigenvectors (all

unconstrained degrees of freedom) requested in the modeling phase. This is a binary file.

• gendisp - This FORTRAN program generates the displacements fields used in the subsequent

solution 106 and 101 runs. The following files are created:

o egveCa.dat contains the mass-normalized selected set of g-size eigenvectors specified in
the file fixed.mod. This data is a subset ofegvec.dat. This is an ASCII file with the

INPUTT4 DMAP matrix input format.

o displ.pr2 contains the number of unique combinations of two modes (IN) and the

combinations of those modes used to prescribe the displacement fields imposed for the
inverse problems. This is an ASCII file in free format.

o displ.pr3 contains the number of unique combinations of three modes (IC) and the
combinations of those modes used to prescribe the displacement fields imposed for the

inverse problems. This is an ASCII file in free format.

o dispL.inn are the prescribed displacement fields used for the linear inverse problem.

This is an ASCII file with the INPUTT4 DMAP matrix input format.

o displ.inn are the prescribed displacement fields used for the nonlinear inverse problem.

This is an ASCII file with the INPUTT4 DMAP matrix input format.

• prepl06 - This FORTRAN program reads the bulk data file '_filename_st.bdf' and rewrites it to
the file fixedl06_st.bdf. The program prepl06 adds lines to the file management and case

control sections of the bulk data file "filename._st.bdf" In particular, it writes the number of sub-

cases (i.e. the number of prescribed displacement fields) required in the subsequent NASTRAN
run. The number of sub-cases depends on the number of modes selected (NMOD), number of

unique combinations of two modes (IN) from the number of modes selected, and the number of
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uniquecombinationsof threemodes(IC)fromthenumberofmodesselected.It iscalculated
usingthefollowingrelation

NSUBC= 2xNMOD+3xIN+IC

Thus for NMOD = 3, IN = 3 (combinations of modes l&2, 2&3, and l&3), IC = I (combination

of modes 1&2&3) and the number of sub-cases NSUBC = 16. As an example, a listing of the

changed lines of file fixedl06_st.bdf are shown in bold in Appendix F for NMOD = 2.

* The second NASTRAN run calculates the force vector corresponding to the prescribed

displacement fields (provided in the file displ.inn) in a nonlinear analysis. Because it is not

possible to separate the linear and nonlinear components, the resulting force vector contains the
combined force. The resulting force vector is written to f_N.frc, an ASCII file with the

INPUTT4 DMAP matrix input format. The DMAP alter dm_106.v is used to modify the

standard nonlinear static analysis (solution 106).

• prepl01 - This FORTRAN program reads the bulk data file "filename_st.bdf' and rewrites it to

the file fixedl01 st.bdf. The program prepl01 adds lines to the file management and case

control sections of the bulk data file 'ifilenamest.bdf" In particular, it writes the number of sub-

cases (i.e. the number of prescribed displacement fields) required in the subsequent NASTRAN

run. The number of sub-cases is equal to the number of modes selected (NMOD). As an

example, a listing of the changed lines of file fixed101_st.bdf are shown in bold in Appendix G
for NMOD = 2.

• The third NASTRAN run calculates the force vector corresponding to the prescribed

displacement fields (provided in the file dispL.inn) in linear analysis. The resulting force vector

is written to fl_L.fre, an ASCII file with the INPUTT4 DMAP matrix input format. The DMAP

alter dm_101.v is used to modify the standard linear static analysis (solution 101).

• nlefs - This FORTRAN program calculates the nonlinear stiffness coefficients of the structure

and stores them in the file nlcfS.dat. Note that both quadratic aj_ and cubic bi_ stiffness

coefficients [10-12] are computed in nlcfs, but only the cubic terms are stored in nlcfS.dat

because a zero mean response is assumed. The file nlcfS.dat is an ASCII file with the

FORTRAN format (1P,3E23.16).

The nonlinear stiffness coefficients computed through this series of operations depend only on the
structure (geometry, material properties, and boundary conditions) and not on the loading level or

distribution. Therefore, this portion of the analysis only needs to be performed once for a given structural

configuration. The effect of loading is addressed in the next sequence of analyses (see Section 3.3).

In order to check the functioning of the entire analysis procedure, it is recommended that a linear analysis
be run from this point forward using the two remaining sequences of analyses (see Sections 3.3 and 5) as

is. To do so, all nonlinear stiffness coefficients in nlefS.dat should be set to very small (non-zero) values

(e.g. 10"_5), and the weighting o' and fl in the file fixed.par should be set to 1 and 0, respectively. If

everything is working well, the results obtained will be virtually identical to those from a linear solution

111 analysis.

The UNIX script file doitl.bat (see Appendix A) runs the first part of the analysis as outlined above in an

automated fashion. Some commands in doitl.bat may need to be modified depending on the operating

system and how NASTRAN is installed. Removal (or transfer to another directory) of previously created
ELSTEP output files is necessary for proper program execution. Removal of previously created standard

NASTRAN files, e.g. *.f06, *.f04, *.op2, *.log, and *.pch, is optional, but helps to reduced clutter.
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fixed.rood egveCa.dat

displ.pr2 displ.pr3

jl_L.frc f_N.frc

nlcfs

Figure 13: Flow-chart for calculation of nonlinear stiffness coefficients in the FORTRAN

implementation.
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3.3. Equivalent Linearization Procedure

Both error minimization approaches, force and strain energy, follow the same sequence of analyses. A

flowchart is shown in Figure 14. Each operation is separated by a dashed line and is run in the sequence

shown from top to bottom. The various operations are described below.

fixed, mod
egvec, dat

fixed l O3_eg_[06
prepel [---_ ./ixedstf

fixed, den
fixed.dam
fixedpar
fixeds(f

egveCa.dat
nlcyS.dat

eqlf or eqlfs

stj(s).dttt
rmsj(s).dat
dcov f(s).dat

Figure 14: Flow chart for calculation of total equivalent stiffness matrix and RMS displacements in the

FORTRAN implementation

gensff- The first operation is optional and is used to develop the frequency dependent spectral

density matrix of the loading in modal coordinates. Ideally, the spectral density matrix of the

loading in physical degrees of freedom could be obtained through a DMAP alter of solution I 11,

then pre- and post-multiplied by the selected set of eigenvectors to obtain the modal spectral

density matrix. [n this way, the usual manner of computing nodal loads is retained, i.e. loads are

determined internally within NASTRAN using information provided in the bulk data file written
by PATRAN. Unfortunately, efforts to extract this information have not been successful.

Instead, the utility program gensff may be used to compute the modal spectral density matrix for

a couple of special cases - a uniformly distributed acoustic pressure (which may also be used to

specify an inertial load) and point forces and moments. In each case, the 1oadings are fully

correlated giving a real-valued spectral density matrix in physical coordinates. The mass-
normalized selected set of g-size eigenvectors are read from egveCa.dat and information about

the loading is read from fixed.sff. The computed modal spectral density matrix is written to

fixed.den (as described in Section 3.1.2).

o The parameter file fixed.sff specifies the following information in free format:

LINE 1: Load option (LOADOPT)

1 -- uniformly distributed pressure with uniform mesh

2 = point force(s) and moment(s)

If LOADOPT = 1

LINE 2: AREA, NOD, NODB

AREA - Surface area of structure

NOD - Total number of nodes in the model
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NODB - Number of constrained (boundary) nodes

Forces at the grid points are obtained by multiplying the pressure level by the
area and distributing these over the mesh, hence the need for a uniform mesh. If

a non-uniform mesh is used, a pressure loading may be specified using

LOADOPT = 2 with forces input at each grid point.

LINE 3: NPT

NPT - Number of breakpoints in the PSD ( 2 < NPT _<50 )

LINE 4: (repeated NPT times): FREQ, PSD

FREQ, PSD - Breakpoint pairs for PSD definition of uniformly distributed

pressure. Values of PSD will be linearly interpolated between breakpoint pairs

at the frequency increment specified in fixed.par. FREQ is the frequency
specified in Hz. PSD is the single-sided pressure PSD in units2/Hz and is the

same as would be used on the TABRND1 card for a solution 111 analysis. Note

that gensff converts the load internally to a double-sided value in units2/rad/sec.

Note that in this case of a uniformly distributed pressure on a uniformly
distributed mesh, the forces for each grid point are identical and act in the z-

direction. Hence, all non-zero auto- and cross-spectral density values in $I1 are

equal. Further, each column is identical. These properties speed the

computation of SrJ"

If LOADOPT = 2

LINE 2: NLOAD

NLOAD- Number of fully correlated point forces and moments.

LINE 3: NPT

NPT - Number of breakpoints in the PSD ( 2 < NPT < 50 )

(Lines 4-5 repeated NLOAD times)

LINE 4: NODF, DOFI-DOF6

NODF - Grid point at which point force is applied

DOF1-DOF6 - Multiplier for each of six degree-of-freedoms at each grid point.
An arbitrarily oriented force or moment may be applied in this fashion.

LINE 5: (repeated NPT times): FREQ, PSDF

FREQ, PSDF - Breakpoint pairs for PSD definition of point forces. Values of

PSDF will be linearly interpolated between breakpoint pairs at the frequency

increment specified in fixed.par. FREQ is the frequency in Hz. PSDF is the
single-sided force PSD in units2/Hz and is the same as would be used on the

TABRNDI card for a solution 111 analysis. Note that gensff converts the load
internally to a double-sided value in units2/rad/sec.

Note that in this case, the forces for each grid point are not identical. Therefore,

the non-zero auto- and cross-spectral density values in St1 are unequal and each

column is not identical. These properties make the computation of S/f more

intensive.

3-8



Notethatingeneral,thecross-spectraldensitiesof the input loading are required to

specify Stf. However, since both load options require fully correlated (in phase)

loadings, the cross-spectral density (CSD) terms may be obtained from the auto-spectral

density (PSD) from the following relationship:

CSD!, = + _J( PSDj )( PSD _)

This allows for the specification of only the PSD values, and not both the PSD and CSD

values, as indicated above. Note that gensff as currently implemented only takes the

positive square root. Therefore, the specified loadings must have the same direction.

Failure to do so will result in an inconsistency in the sign of the diagonal and off-diagonal

terms in Sie..

In the upcoming examples, the following may be helpful. The values specified above for the

spectral density matrix of the loading in physical coordinates ( Sit ) may be determined from an

RMS level for a particular bandwidth using the following relation

R._'IS2_p_
/ •

$I_ - 2 × 2_

where BWis the frequency bandwidth in Hz. For example, for an RMS acoustic pressure of 2048

Pa (160.21 dB) and 0-1024 Hz bandwidth, the double-sided value of $I1 is 325.95 pa2/rad/sec.

The corresponding single-sided value, which should be used in fixed.sff, is 4096 Pa2/Hz.

The _llowing is an example of fixed.sff _r the uni_rmly distributed pressure indicated above:

1

0.0903224 609 96

O. 4096.

1024. 4096.

The following is an example of fixed.sff for point forces. The force at grid point 305 acts in the
z-direction and linearly increases in magnitude from 0 to 5 N2/Hz over the bandwidth 0-512 Hz.

A second force acts in the x-direction at grid point 220 with a constant magnitude of 2 N2/Hz over

the frequency range of 0-512 Hz.

2

2

2

3O5

0.

512,

22O

0.

0.0 0.0 1.0 0.0 0.0 0.0

0.0

5.0

2.0 0.0 0.0 0.0 0.0 0.0

1.0
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512. 1 .0

Note that when converting from a uniform pressure load specified by load option 1 to a force load

specified by load option 2, the PSD values specified in option 1 must be multiplied by the area

squared.

• prepel - This FORTRAN program reads the NASTRAN f06 file fixedl03 eg.f06 produced in

the second step of the previous procedure (see Section 3.2) and writes the selected natural

frequencies to the file fixed.st[ This is an ASCII file in free format.

• The third operation performs the equivalent linearization procedure through the FORTRAN

programs eqlf and eqls, for the force error and strain energy error minimization approaches,
respectively. Each of these alters produce the following output:

o st_t;dat and st s.dat contain the total equivalent stiffness matrix in modal coordinates for

the force and strain energy error minimization approaches, respectively. These are ASCII

files with the INPUTT4 DMAP matrix input format,

o rms f.dat and rms_s.dat contain the root-mean-square displacements in physical
coordinates for all degrees of freedom. These are ASCII files in free format.

o dcov_f.dat and dcov_s.dat contain the cross-covariance matrix of modal displacements.
These are ASCII files in free format.

The UNIX script files doit2_f.bat and doit2_s.bal (see Appendix A) run the second part of the analysis
as outlined above in an automated fashion.

3.3.1. Convergence

The weightings a' and fl, and the convergence criteria 8, play a significant role in the convergence of

the equivalent linearization procedure. Because the system is nonlinear, it is possible for multiple

solutions to exist for a given loading condition. The selection of different weightings may cause the

equivalent linearization procedure to converge to different solutions. Therefore, it is advisable to explore

the solution space by trying out different weightings before selection of a converged solution. If the root-

mean-square displacements from the equivalent linearization procedure, as reported in rms f.dat or

rms_s.dat, differ with the choice of weighting, then further analyses may be warranted, such as

observation of the deflected shape or the equivalent linear power spectral density from a post-processing
analysis (see Section 5).
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4. DMAP Implementation

As in the FORTRAN implementation, the analysis for the DMAP implementation is subdivided into two

parts. The first part calculates the nonlinear stiffness coefficients. The second part performs one of two

equivalent linearization procedures to compute the total equivalent stiffness matrix and RMS

displacements. A description of optional post-processing is provided in Section 5.

Note that since some files bear the same name but have a different format from those in the FORTRAN

implementation, both FORTRAN and DMAP implementations should not be run from the same directory.

4.1. Input Files

In addition to the bulk data files discussed in Section 2, several additional input files are required to

specify various parameters used in the analysis. These are detailed below.

4.1.1. Modes Selection File

As in the FORTRAN implementation, the file fixeD.mod indicates which eigenvectors out of the large set

ofeigenvectors participate in the analysis. The format for fixeD.mod is a INPUTT4 DMAP matrix input

format as specified below.

LINE 1: Number of columns (always 2), number of selected modes (NMOD), matrix form (always 2 for

rectangular), type of matrix (always 2 for real, double precision), name of the matrix (always

PHG), FORTRAN format specification (always IP,3E23.16).

LINE 2: Column number (always 1), row position of first nonzero term (always 1), number of real

double-precision entries on the following line (NMOD).

LINE 3: Selected modes (up to three per line). Note that these numbers are input as real and converted to

integers within the program

LINE 4: Column number (always 2), row position of first nonzero term (always 1), number of real

double-precision entries on the following line (NMOD).

LINE 5: Scaling coefficients for each eigenvector selected (up to three per line). See Section 3.1.1 for a
discussion of these terms.

A sample listing of fixeD.rood with two selected modes (NMOD=2) is provided below.

2 2 2 2PHG IP, 3E23 . 16

1 1 2

1.0000000000000000E+00 4.0000000000000000E+00

2 1 2

1. O000000000000000E-04 I. O000000000000000E- 04

It is clear that the size of this file depends on the number of modes selected. Since the format can be

somewhat confusing, a sample listing with four selected modes (NMOD=4) is also provided below.

2 4 2 2PHG IP, 3E23 .16

1 1 4

1.0000000000000000E+00 3.0000000000000000E+00 7.0000000000000000E+00

1.0000000000000000E+01
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2 1 4

1.0000000000000000E-04 1.0000000000000000E-04 1.0000000000000000E-04

1.oooooooooooooooo_.-o4

4.1.2. Spectral Density Loads File

The file fixeD.den is analogous to fixed.den in the FORTRAN implementation, except that the spectral

density matrix of the applied loads in modal coordinates S rr is independent of frequency in the DMAP

implementation, i.e. only fiat spectra may be applied. The format for fixeD.den is a INPUTT4 DMAP

matrix input format as specified below.

LINE 1 : Number of selected modes (NMOD), number of selected modes (NMOD), matrix form (always

1 for square), type of matrix (always 4 for complex, double precision), name of the matrix

(always PHG), FORTRAN format specification (always 1P,6E13.6)

LINE 2: Column number (always 1), row position of first nonzero term (always 1), number of real

double-precision entries on the following line (2 x NMOD).

LINE 3: First column of modal spectral density matrix (NMOD entries, up to 3 complex entries per line).

Each entry is complex with the imaginary part equal to zero.

(Lines 2 and 3 repeat for NMOD selected modes)

2ND TO LAST LINE:

Column number (always NMOD), row position of first nonzero term (always 1), number of real

double-precision entries on the following line (2 x NMOD).

LAST LINE:

Last column of modal spectral density matrix (NMOD entries, up to 3 complex entries per line).

A sample listing of fixeD.den for two selected modes is provided below.

2 2 1

1 1 4

0.683899E÷01 0.000000E+00

2 1 4

0.227952E+01 0.000000E+00

4PHG IP,6EI3.6

0.227952E+01 0.000000E+00

0.759793E+00 0.000000E+00

To be explicit, the above specifies the following frequency-independent spectral density matrix of applied
loads in modal coordinates:

_o.:[Ssr,, Srr,,]:I(6.84,0 ) (2.28,0)-
[_$o2, Srrn_l L( 2.28,0/ (0.76,0)

This matrix is computed as

: OTslr¢ (2)

where Sis is the real-valued spectral density matrix of the load in physical coordinates (double-sided

spectrum level in units2/rad/sec) and 0 is the subset of selected eigenvectors. The eigenvectors to be used

in equation (2) are the set of selected g-size (all degrees of freedom including constrained ones)
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eigenvectors from the file egveCa.dat (see Section 4.2). As in the FORTRAN implementation, only

correlated inputs are permitted. Values of S o must be converted to single-sided values as indicated in

Section 3.1.2 for use in a solution 111 post-processing analysis.

In order to facilitate generation of the modal spectral density matrix, the utility program gensffD

(described in Section 4.3) may be used to automatically compute the values and write them to fixeD.den

for a limited set of loading conditions.

4.1.3. Damping Matrix File

The file fixeD.dam is analogous to fixed.dam in the FORTRAN implementation. It contains the

diagonal modal damping matrix. The format for fixeD.dam is a 1NPUTT4 DMAP matrix input format as

specified below.

LINE 1 : Number of selected modes (NMOD), number of selected modes (NMOD), matrix form (always

1 for square), type of matrix (always 2 for real, double precision), name of the matrix (always

PHG), FORTRAN format specification (always 1P,3E23.16).

LINE 2: Row and column position of first modal damping values (always 1, 1), number of real double-

precision entries on the following line (always 1).

LINE 3: First modal damping value

(Lines 2 and 3 repeat for NMOD selected modes)

2 ND TO LAST LINE:

Row and column position of last modal damping values (always NMOD, NMOD), number of

real double-precision entries on the following line (always l).

LAST LINE:

Last modal damping value.

A sample listing of fixeD.dam with two selected modes is provided below.

2 2 1 2PHG IP, 3E23 . 16

1 1 1

0. 1466180000000000E+02

2 2 1

0. 1466180000000000E+02

In order to specify the same damping for a solution 111 post-processing analysis, the values must be

converted to percent critical damping as discussed in Section 3.1.3.

4.1.4. Parameter File

The file fixeD.par is analogous to fixed.par in the FORTRAN implementation. It contains various

additional parameters required for the analysis. The format for fixeD.par is a INPUTT4 DMAP matrix

input format as specified below.

LINE 1: Number of columns (always 1), number of rows (always 6), matrix form (always 2 for

rectangular), type of matrix (always 2 for real, double precision), name of the matrix (always

PHG), FORTRAN format specification (always 1P,3E23.16).

LINE 2: Column number (always 1), row position of first nonzero term (always 1 ), number of real

double-precision entries on the following line (always 6).
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LINE3:

LINE4:

Minimumandmaximumfrequencyrangeoftheanalysis(Hz),frequencyincrementusedin the
analysis(Hz).Notethatthemaximumfrequencyrangeshouldbeselectedwellbeyondthe
frequencyofthehighestselectedmode.Thisisnecessarysothattheresonantfrequenciesdon't
shiftoutof theanalysisbandwidthasnonlinearityincreases.

Weightingsa' and fl, and convergence criteria c (see Section 3.1.4 for description). Note that

these values are put on a fourth line because the format on line 1 indicates up to three values per

line. The choice of weightings may influence the solution to which the system converges, as

discussed in Section 3.3.1.

A sample listing of fixeD.par is provided below.

1 6 2 2PHG IP, 3E23 . 16

1 1 6

0.0000000000000000E+00 1.0240000000000000E+03 0.2500000000000000E+00

0.4000000000000000E+00 0.6000000000000000E+00 0.5000000000000000E-02

4.2. Calculation of Nonlinear Stiffness Coefficients

The method of calculating the nonlinear stiffness coefficients is shown in the flowchart in Figure 15.

Each operation is separated by a dashed line and is run in the sequence shown from top to bottom. The

various operations are described below.

• prepl03D - This FORTRAN program is the analogue to prepl03 in the FORTRAN

implementation. It reads the bulk data file "filename_eg.bdf' and rewrites it to the file

fixeDl03_eg.bdf. The program prepl03D adds lines to the file management and case control
sections of the bulk data file "filename_eg.bdf" The lines that are added are shown in bold in

Appendix H. It also creates the file prob_prefix.scr, which contains the 8-character prefix (i.e.

filename) for use in other file manipulation programs.

• The first NASTRAN run is analogous to the FORTRAN implementation, except that the DMAP

alter dm_lD3D.v also generates the displacement fields. These were generated by gendisp in the

FORTRAN implementation. The following files are created:

o egvee.dat contains the mass-normalized large set of g-size eigenvectors (all degrees of

freedom including constrained ones) requested in the modeling phase (see Figure 5). It
contains the same information as that produced in the FORTRAN implementation, but in

a binary format.

o egveH.dat contains the mass-normalized large set of 1-size eigenvectors (all
unconstrained degrees of freedom) requested in the modeling phase. This binary file is

identical to that produced in the FORTRAN implementation.

o egveCa.dat contains the mass-normalized selected set of g-size eigenvectors specified in
the file fixeD.moB. It is identical to that produced in the FORTRAN implementation.

o egveC.dat is a binary version of egveCa.dat. There is no analogue in the FORTRAN

implementation.

o displ.pr2 contains the number of unique combinations of two modes (IN) and the
combinations of those modes used to prescribe the displacement fields imposed for the

inverse problems. It contains the same information as that produced in the FORTRAN

implementation, but in the INPUTT4 DMAP matrix input format.
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o displ.pr3 contains the number of unique combinations of three modes (IC) and the

combinations of those modes used to prescribe the displacement fields imposed for the

inverse problems. It contains the same information as that produced in the FORTRAN

implementation, but in the INPUTT4 DMAP matrix input format.

o displ.pr4 contains additional information used to prescribe the displacement fields

imposed for the inverse problems. This is an ASCII file with the INPUTT4 DMAP

matrix input format. There is no analogue in the FORTRAN implementation.

o dispL.inn are the prescribed displacement fields used for the linear inverse problem. It
contains the same information as that produced in the FORTRAN implementation, but in

a binary format.

o displ.inn are the prescribed displacement fields used for the nonlinear inverse problem.

It contains the same information as that produced in the FORTRAN implementation, but

in a binary format.

• prepl06D - This FORTRAN program is the analogue to prep106 in the FORTRAN

implementation. It reads the bulk data file "filename_st.bdf' and rewrites it to the file

fixeDl06_st.bdf. The program prepl06D adds lines to the file management and case control

sections of the bulk data file "filename_st.bdf" As an example, a listing of the changed lines of

file fixeD106_st.bdf are shown in bold in Appendix I for NMOD = 2.

• The second NASTRAN run is analogous to the FORTRAN implementation. In the DMAP

implementation, the file f_N.frc is binary. The DMAP alter dm_106D.v is used to modify the
standard nonlinear static analysis (solution 106).

• prepl01D - This FORTRAN program is the analogue to prepl01 in the FORTRAN

implementation. It reads the bulk data file "filename_st.bdf' and rewrites it to the file

fixeD101_st.bdf. The program prepl01D adds lines to the file management and case control
sections of the bulk data file "filename_st.bdf." As an example, a listing of the changed lines of

file fixeDl01_st.bdf are shown in bold in Appendix J for NMOD = 2.

• The third NASTRAN run is analogous to the FORTRAN implementation. In the DMAP

implementation, the file fl_L.frc is binary. The DMAP alter dm_101D.v is used to modify the

standard linear static analysis (solution 101).

• The fourth NASTRAN run is the DMAP analogue of the FORTRAN program nlefs. The file

nlefs.bdf is a standalone DMAP alter, not a modification of a standard NASTRAN solution. Like

nlefs, both quadratic a/k and cubic bjk / stiffness coefficients are computed in nlcfs.bdf, but only

the cubic terms are stored in nlefS.dat because a zero mean response is assumed. The nonlinear
stiffness coefficients are also stored in the ASCII file nlcfS.dat, but in the INPUTT4 DMAP

matrix input format.

As in the FORTRAN implementation, this portion of the analysis only needs to be performed once for a

given structural configuration. Similarly, proper functioning of the entire analysis procedure should be

checked using the method indicated in Section 3.2.

The UNIX script file doitDl.bat (see Appendix A) runs the first part of the analysis as outlined above in
an automated fashion.
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lfilenameeg.bd['___._ , prepl03D l______/ixeDlO3,egbdf,prob_j)re__x.scr ]

nastran.fixeDlO3_egbdfSolution 103

1
fixeD.rood _ dm_103D.v _• DMAP Alter

egvec, dat

egvelf, dat

egve C, &_t

egveCa, dat

displ.pr2

displ.pr3

displ.pr4

di_pl, inn

di,wL, inn

egve C. dat

displ.pr2

displ.pr3

displ.pr4

fl Lfrc

.t_N:l_'c

nastran nkl/s.bdfStandalone DMAP Alter

Figure 15: Flow-chart for calculation of nonlinear stiffness coefficients in the DMAP implementation.
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4.3. Equivalent Linearization Procedure

Like the FORTRAN implementation, both force and strain energy error minimization approaches follow

the same sequence of analyses, as shown in Figure 16. Each operation is separated by a dashed line and is

run in the sequence shown from top to bottom. The various operations are described below.

Figure

fixed rood
egvec, dat

,[_xeD 103_egfl)6
prepeID

fixeD, s(['

fixeD.mod
.fixeD.den
fixeD.dam
fixeD.par
.fixeD.st� _
egveC, dat
nlc/S.dat

nastran eql f(s).bdf
Standalone DMAP Alter

st_f (s), dat
rms f(s).dat
dcov_/'(s), &tt

OPTIONAL

I rms_f(s).dat _ p°stelfD °r _ rms-fl s)Rn°dpostelsD rms_f(s), nod

16: Flow chart for calculation of total equivalent stiffness matrix and RMS displacements in the

DMAP implementation.

gensffD - The first operation is optional and is used to develop the spectral density matrix of the

loading in modal coordinates. It is analogous to the program gensff in the FORTRAN

implementation, except that in the DMAP implementation, the spectral density matrices are
independent of frequency, i.e. only flat spectra may be specified. The program gensffD may be

used to compute the modal spectral density matrix for a couple of special cases - a uniformly

distributed acoustic pressure (which may also be used to specify an inertial load) and point forces
and moments. In each case, the loadings are fully correlated giving a real-valued spectral density

matrix in physical coordinates. The mass-normalized selected set of g-size eigenvectors are read

from egveCa.dat and information about the loading is read from fixeD.sff. The computed modal

spectral density matrix is written to fixeD.den (as described in Section 4.1.2).

o The parameter file fixeD.sff specifies the following information in free format:

LINE 1: Load option (LOADOPT)

1 = uniformly distributed pressure with uniform mesh

2 = point force(s) and moment(s)

If LOADOPT = 1

LINE 2: PSD, AREA, NOD, NODB
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PSD Spectrumlevelofuniformlydistributedpressureinunits2/Hz.Thislevel
isasingle-sidedvalueandis thesameaswouldbeusedontheTABRNDIcard
forsol111analysis.NotethatgensffDconvertstheloadinternallytoadouble-
sidedvalueinunits2/rad/sec.

AREA- Surfaceareaofstructure

NOD- Totalnumberofnodesin themodel

NODB- Numberofconstrained(boundary)nodes

Forcesatthegridpointsareobtainedbymultiplyingthepressurelevelbythe
areaanddistributingtheseoverthemesh,hencetheneedforauniformmesh.If
anon-uniformmeshisused,apressureloadingmaybespecifiedusing
LOADOPT= 2withforcesinputateachgridpoint.

Note that in this case of a uniformly distributed pressure on a uniformly

distributed mesh, the forces for each grid point are identical and act in the z-

direction. Hence, all non-zero auto- and cross-spectral density values in Stf are

equal. Further, each column is identical. These properties speed the

computation of Sff.

If LOADOPT = 2

LINE 2: NLOAD

NLOAD - Number of fully correlated point forces and moments.

LINE 3 (repeated NLOAD times): NODF, PSDF, DOF1-DOF6

NODF - Grid point at which point force is applied

PSDF - Spectrum level of force in units2/Hz. This level is a single-sided value

and is the same as would be used on the TABRND1 card for sol 111 analysis.

Note that gensffD converts the load internally to a double-sided value in
unitsZ/rad/sec.

DOF 1-DOF6 - Multiplier for each of six degree-of-freedoms at each grid point.

An arbitrarily oriented force or moment may be applied in this fashion.

Note that in this case, the forces for each grid point are not identical. Therefore,

the non-zero auto- and cross-spectral density values in Sj]. are unequal and each

column is not identical. These properties make the computation of Sv more

intensive.

Note that in general, the cross-spectral densities of the input loading are required to

specify $o.. However, since both load options require fully correlated (in phase)

loadings, the cross-spectral density (CSD) terms may be obtained from the auto-spectral

density (PSD) from the following relationship:

CSD_. = +__(PSDi)(PSD ,)

This allows for the specification of only the PSD values, and not both the PSD and CSD

values, as indicated above. Note that gensffD as currently implemented only takes the
positive square root. Therefore, the specified loadings must have the same direction.
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Failuretodosowill resultinaninconsistencyin thesignof thediagonalandoff-diagonal
termsin Stl.

The following is an example of a uniformly distributed pressure of 4096 pa2,_z:

1

4096 0.0903224 609 96

The following is an example of a point force of 5 N2/Hz in the z-direction at grid point

305 and a point force of 2 N2/Hz in the x-direction at grid point 220:

2

2

305 5.0 0.0 0.0 1.0 0.0 0.0 0.0

220 1.0 2.0 0.0 0.0 0.0 0.0 0.0

• prepelD - This FORTRAN program is the analogue to prepel in the FORTRAN implementation.
It reads the NASTRAN f06 file fixeD103_eg.f06 produced in the second step of the previous

procedure (see Section 4.2) and writes the selected natural frequencies to the file fixeD.stf. Here,
fixeD.stf is an ASCII file with the INPUTT4 DMAP matrix input format.

• The third operation is the DMAP analogue of the FORTRAN programs eqlf and eqls. This

NASTRAN run performs the equivalent linearization procedure through the standalone DMAP

alters eql_f.bdf and eql_s.bdf, for the force error and strain energy error minimization
approaches, respectively. Each of these alters produce the following output:

o st_f.dat and st_s.dat contain the total equivalent stiffness matrix in modal coordinates for

the force and strain energy error minimization approaches, respectively. These are ASCII

files with the INPUTT4 DMAP matrix input format.

o rms_f.dat and rms_s.dat contain the root-mean-square displacements in physical

coordinates for all degrees of freedom. These are ASCII files with the INPUTT4 DMAP

matrix input format.

o dcov_f.dat and deov_s.dat contain the cross-covariance matrix of modal displacements.

These are ASCII files with the INPUTT4 DMAP matrix input format.

• The fourth (optional) operation has no FORTRAN analogue. It should be performed only if

graphical display of results in PATRAN is desired. FORTRAN programs postelfD and postelsD

read the files rms_f.dat and rms_s.dat, respectively, and separate the translational and rotational

degrees of freedom. The RMS translational displacements for all grid points are written to either
rms_f.nod or rms_s.nod, depending on the error minimization procedure used. The RMS

rotational displacements for all grid points are written to either rms_fR.nod or rms_sR.nod,

depending on the error minimization procedure used. These ASCII results files may be imported

from within PATRAN for plotting, etc.

There are a couple of comments worth noting about the analysis described in this section. The first has to

do with creation of the files eql f.f04 and eqi_s.f04 when running eql_f.bdf and eql_s.bdf, respectively.

These files can be very large due to the amount of information written by NASTRAN. Unfortunately, a

means of suppressing creation of these files or minimizing the information written to them has not been

identified. Although the files can be deleted immediately following successful execution of the run,

ample disk space must be available to successfully complete the run. This problem is most acute when

running the strain energy error minimization analysis, as the number of iterations for convergence at

highly nonlinear levels can be in the hundreds or thousands (compared with ten or less typical of the force

4-9



errorminimizationapproach).Consequently,largetemporarydiskspaceisrecommendedwhenrunning
thestrainenergyerrorminimizationanalysis.
Theseconditemworthmentioningrelatestothecalculationof RMSdisplacementsinphysical
coordinateswhenrunningeql_Lbdfandeql_s.bdf.Followingcalculationofthetotalequivalentstiffness
matrixandcross-covariancematrixinmodalcoordinates,theRMSdisplacementsinphysicalcoordinates
arerecoveredandstoredin thefilesrms f.datandrms s.dat.Thisprocesscantakeasignificantamount
oftimeaspresentlyimplementedduetot-heamountof_sk UOthatoccurs,especiallyforlargemodels.
If theintentionistoperformapost-processinganalysistodeterminedisplacementPSDsand/or
stress/straininformation,asoutlinedinSection5,amoreefficientmeansofgettingRMSdisplacements
inphysicalcoordinatesis torequestthisinformationaspartofthatanalysis.Inthiscase,thevalueof
RMSDISPshouldbechangedfromI to0 ineql_Lbdfandeql_s.bdftosuppresscomputationofthisdata.

TheUNIXscriptfilesdoitD2_LbatanddoitD2_s.bat(seeAppendixA)runthesecondpartofthe
analysisasoutlinedaboveinanautomatedfashion.

4.3.1. Convergence

The reader should refer to Section 3.3.1 for a discussion on convergence of the equivalent linearization

procedure.

4-10



5. Post-Processing for Displacement, Stress and Strain PSDs

An optional post-processing procedure may be performed to compute RMS displacements, displacement

PSDs, RMS stress/strain, and stress/strain PSDs. It applies to both FORTRAN and DMAP

implementations. A flowchart of the implementation is shown in Figure 17. Each operation is separated

by a dashed line and is run in the sequence shown from top to bottom. The various operations are
described below.

] cpst_f(s).datst.dat [

.............................................................................

dm 11 lu.v
DMAP Alter

No

If strain required -
strain700.v

or

strain705.v

nastran JL_eD 11 l_rd. bdf
Solution 111

egveH.dat ___
fixeD, mod

stMat

Yes

dm 11 lc.v
DMAP Alter

If strain required -
strain700.v

or
strain705.v

Figure 17: Flow chart for post-processing.

The first operation simply copies the total equivalent stiffness matrix from either the force or

strain energy error minimization approaches to the file st.dat. This allows stiffness matrices from
both approaches to coexist in the same directory.

The second operation performs a post-processing analysis using the total equivalent stiffness
matrix, obtained from the equivalent linearization analysis, in place of the linear stiffness matrix

in a NASTRAN random analysis (solution 111).

Note that since the total equivalent stiffness matrix in modal coordinates is symmetric, but not (in

general) diagonal, the modal system of equations to be solved is coupled. In order to reduce the
computational effort, the option is provided to analyze an uncoupled system, which is formed

through an additional transformation process. The uncoupled system has a different total

equivalent stiffness matrix (now diagonal and in transformed coordinates), but utilizes the same

diagonal damping matrix and unit mass matrix as the coupled system. Analysis of the uncoupled

system is significantly faster than the coupled system, but is not as accurate. It is recommended

that the root-mean-square displacements from the post-processing analysis be compared with

those obtained from the equivalent [inearization analysis. In all circumstances, post-processing
results from the coupled system should be comparable to values obtained from the equivalent
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linearizationanalysis.Onlysmalldifferences,ontheorderofafewpercent,shouldbefound(see
Section6.4forexample),sincetheloadingisspecifiedequivalentlybutdifferentlybetweenthe
equivalentlinearizationandpost-processinganalyses.Post-processingresultsfromthe
uncoupledsystemmayormaynotbecomparabletovaluesobtainedfromtheequivalent
linearizationanalysis.Thus,if resultsfromtheuncoupledanalysissignificantlydifferfrom
resultsfromtheequivalentlinearizationanalysis,it is recommendedthatthecoupledsystembe
usedforpost-processing.Thechoiceofcoupledversusuncoupledsystemismadein thefile
fixeD11l_rd.bdf(seeAppendixD),throughselectionof theappropriateDMAPalterasshownin
Figure17.

If root-mean-squarestrainresultsaretoberecovered,thealtersstrain700.vorstrain705.v
shouldbeutilized.ForNASTRANversion70.0,thealterstrain700.vshouldbeused.For
NASTRANversions70.5and70.7,thealterstrain705.vshouldbeused.If root-mean-square
stressresultsaretoberecovered,neitheraltershouldbeutilized.Thechoiceofwhichaltertouse
(if any)ismadeinthefile fixeD11l_rd.bdf(seeAppendixD). ThefileStrain-Recovery-
Notes.pdf(seeAppendixA)documentsothercommandsrequiredinthecasecontrolsectionfor
thedifferentNASTRANversions.Notethatstressandstrainresultsarerecoveredusinglinear
strain/displacementrelationships.Thisapproachappearstobeacceptableforthebeamandplate
analysesconductedtodate.

Becausethepost-processinganalysisisperformedontheequivalentlinearsystem,allPSDs
appearlinearincharacter.Inotherwords,atnonlinearresponselevels,thePSDsexhibitneither
peakbroadeningnorthesameshiftsinresonantfrequenciesasthetrulynonlinearsystem.
Shiftedresonantfrequenciesoftheequivalentlinearsystemarenotdirectlyreportedsincea
modifiedsolution103,usingthetotalequivalentstiffnessmatrixinplaceofthelinearstiffness
matrix,isnotpresentlyavailable.Theshiftedresonantfrequenciesmaybedeterminedby
scanningthepunchfilefixeDI1l_rd.pchforpeaksin thedisplacementPSD(whenflatspectra
areapplied).Notethatit maybenecessarytorunthepost-processinganalysismorethanonceso
thatthefrequencyrangesspecifiedontheTABDMP1cardarecenteredabouttheshiftedpeaksof
theequivalentlinearsystern.Thefrequencyrangeforeachcriticaldampingvalueistypicallyset
tobracketthecorrespondingresonantpeakatmid-span.AsindicatedinSection3.1.3,the
relationshipbetweenpercentcriticaldampingandmodaldampingvaluesshouldremainbasedon
thelineareigenvalues.

TheUNIXscriptfilesdoitD3 f.bat and doitD3 s.bat (see Appendix A) run the post-processing part
of the analysis as outlined above in an automated fashion.

5-2



6. Example Problem

A simply support aluminum plate under normal acoustic excitation was chosen to illustrate the execution
of ELSTEP and to generate sample results which may be used subsequently to verify proper execution

with future NASTRAN and PATRAN releases. Consequently, many results are reported to a large

number of significant digits.

The rectangular plate chosen measured 0.254m x 0.3556m x 0.00102m. All sides were simply supported.

Material properties were:

giving a flexural rigidity of

E=7.3xI0 _° Pa

V=0.3

p = 2763 kg/m 3

--
Eh3 - 7.094 kg-m2

12(1 - v 2) s 2

Natural frequencies may be computed from the following relation [ 15]

giving

co.,. VPLk a ;

o)11 = 58.34 Hz

co_3 = 216.01 Hz

for the first two syrmnetric modes.

A finite element model of this structure was built in PATRAN having 560 CQUAD4 elements measuring

0.0127m square. The first two symmetric modes (modes 1 and 4) of this model had natural frequencies of
58.38 and 217.27 Hz. These two modes were selected as participating modes in the ELSTEP analysis as

per the example files in Sections 3.1.1 and 4.1.1. Modal damping was specified as per the example in
Sections 3.1.3 and 4.1.3, giving percent critical damping values of 2% and 0.54% for modes 1 and 4,

respectively.

A spatially uniform distributed normal acoustic pressure with RMS value of 2048 Pa, and a single-sided

spectrum level of 4096 Pa2/Hz over a 0-1024 Hz bandwidth was applied to the plate. Using the example

input file for a uniformly distributed pressure (described in Sections 3.3 and 4.3) for the programs gensff

and gensffD, the modal spectral density matrix generated is as shown in Sections 3.1.2 and 4. 1.2. Note

that this load level gives rise to a highly nonlinear response.

6.1. Nonlinear Stiffness Results

The cubic nonlinear stiffness coefficients were computed and written to nlcfS.dat. For the FORTRAN

implementation, nlcfS.dat is written as:

4.1355686358055371E+12-1.6827938202459033E+12

2.3630088637711590E+13

4.0490613582441501E+07
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-5.6051450703791418E+II 2.3628886158685477E+13

3.5887021527980459E+08

7.0474040983435422E+13

For the DMAP implementation, nlcfS.dat is written as:

4 4 I 2CUB IP, 3E23 . 16

1 1 2

4. 1355688017920000E+12-5. 6051453132800000E+II

3 1 4

-1.6827939553280000E+12 2.3628886310912000E+13 2.3630090076160000E+13

3 . 5887843200000000E+08

4 3 2

4.0490628000000000E+07 7.04740463738880(]0E+13

In less cryptic form, the stiffness terms for the first selected mode may be written as:

b_Jll= +4.1356x101-"

b,Jl2 = -1.6828 x 1012

bl122= +2.3630 X 1013

b_22 ---- +4.0491 x 107

and for the second selected mode may be written as:

bl211-- -5.6051X 10 II

b_l 2 = +2.3629 x 10 _3

b222 -- +3.5888 x 108

_22 = +7.0474 x 10 _3

It is seen that the FORTRAN and DMAP implementations give essentially the same nonlinear stiffness
coefficients.

6.2. Equivalent Linearization Results - Force Error Minimization

Results from the equivalent linearization analysis using the force error minimization approach were

generated using the example parameter files provided in Sections 3.1.4 and 4.1.4. For both FORTRAN

and DMAP implementations, convergence was achieved after ten iterations.

From the FORTRAN implementation, the covariance matrix of modal displacements is given as:

3.3063497336422452 x lO 7 7.7920706562601622 x 10 .9
i

7.7920706562601688x lO -9 1.1782192964404840x 10-8.]
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FortheDMAPimplementation,thenearlyidenticalcovariancematrixisgivenas:

-3.3063472721539035× 10.7 7.7920762241445690 × 10 -9]
/

7.7920762241445690× 10 -_ 1.1782147220664467× 10-sJ

The total equivalent stiffness matrix in modal coordinates from the FORTRAN implementation is given
as:

4.5034794166661100x 106 -1,8435794253364013 x 105 ]

-1.8435794253364013 x 10 _ 1.2047386823113656 x 107J

The DMAP implementation gives very similar values of

4.4976186005045557 × 106 -1.8586848433203337 × 105]
-1.8586848173153755 x 10 s 1.2095310570761031 × 107 J

The RMS displacement at the plate center (node 305) from both FORTRAN and DMAP implementations

is 2.27352 × 10 .3m. A linear analysis at this level would produce an RMS center displacement of

1.31952 × 10--' m or Wmax/h of 12.9. A nonlinear analysis is typically deemed necessary for values of

Wma_/h in excess of 0.5 for plate analysis.

6.3. Equivalent Linearization Results- Strain Energy Error Minimization

Results from the equivalent linearization analysis using the strain energy error minimization approach

were generated and are provided below. Due to the high degree of nonlinearity, values of o_ and fl of

0.0005 and 0.9995 were used to achieve a monotonically decreasing convergence error. Convergence

was achieved after 4938 iterations. Because of the large number of iterations, only the more

computationally efficient FORTRAN implementation was invoked.

The covariance matrix of modal displacements is given as:

3.4823285014925753×10 7 7.3445452335136257x10 -9]

7.3445452335130459 ×10 _ 2.5901931870425043×10-8J

and the total equivalent stiffness matrix in modal coordinates is given as:

4.2663154183348715 × 106 -2.7486474531341883 x 1041
-2.7486474531341883 × 104 5.5145054668358499 × 106

The RMS displacement at the plate center is 2.38505 × 10 .3m. The strain energy error minimization

approach is seen to give more conservative results than the force energy minimization results (typically

5% higher), albeit at a somewhat higher computational expense due to the large number of iterations
required for convergence. The strain energy minimization results have been found to compare more

favorably with fully nonlinear analyses than force error minimization results [ 10].

6.4. Post-Processing Results

The total equivalent stiffness matrices from the force and strain energy minimization equivalent

linearization approaches were used to post-process RMS displacements, displacement PSDs, and stress
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PSDs.Thefollowinguncoupledpost-processinganalysisresultsarederivedfromthetotalequivalent
stiffnessmatricesobtainedfromtheFORTRANimplementation.

Aspreviouslysuggested,RMSdisplacementswerecomputedtoserveasaconsistencycheckwiththe
equivalentlinearizationresults.ThesearesummarizedinTable1andareseentofallwithinthetypical
rangeofdifferences.

%Difference
ELApproach CenterDisplacement(m) CenterDisplacement(m) inCenter

from EL from Post-Processing Displacement

Force Error
2.2735 × lff 3 2.2463 × 10 .3 1.2

Minimization

Strain Energy Error 2.3851 x 10 .3 2.3200× 10 .3 2.7
Minimization

Table 1: Comparison of RMS displacements from equivalent linearization and post-processing.

A plot of the center displacement PSDs for the two equivalent linearization approaches is shown in Figure

18. These results show that the resonant frequencies of the equivalent linear system using force error

minimization shift higher to a greater degree than do those associated with the strain energy error

minimization approach. This is as expected since the force error minimization approach results in a

stiffer equivalent linear system. Recall that since the two equivalent linearization analyses only minimize
the error between the linear and equivalent linear systems, only the RMS displacements should be

comparable, and not the shape of their PSDs.

A plot of the maximum element stress PSD (taken for plate center element 266 across the short

dimension) is shown in Figure 19. Similar trends as those above are also noted in the stress PSDs. The

RMS levels are comparable - 15.92 MPa for the force error minimization versus 16.73 MPa for the strain

energy minimization. For comparison, a linear analysis predicts 95.56 MPa.
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7. Summary

An equivalent linearization procedure using nonlinear stiffness evaluation for analysis of geometrically
nonlinear random vibrations has been implemented in two forms. Both implementations use the

commercial finite element program MSC/NASTRAN as their core. The FORTRAN implementation
calculates the nonlinear stiffness terms and performs the equivalent linearization analysis outside of

NASTRAN. The DMAP implementation performs these operations within NASTRAN. Both perform
normal modes (solution 103), linear static (solution 101) and nonlinear static (solution 106) analyses for

the calculation of the nonlinear stiffness terms. Optional post-processing is performed by substituting the

equivalent stiffness matrix in place of the linear stiffness matrix in a random (solution 111) analysis. The

following items are noteworthy:

• Because of the way NASTRAN solvers are implemented, a second model database is required
which adds a dummy element and force. These are required to solve the linear and nonlinear

inverse static problems for calculation of the nonlinear stiffness terms.

• Both FORTRAN and DMAP implementations allow specification of real-valued spectral density

matrices of the applied loading in physical coordinates. This permits only correlated inputs such

as normal acoustic pressure, inertial loadings, and one or more correlated point forces or

moments. Loadings giving rise to complex-valued spectral density terms, such as grazing

incidence acoustic loading, are not permitted.

• The FORTRAN implementation allows for a frequency dependent spectral density matrix of the

applied loading. The DMAP version allows for only a flat input spectrum.

• Both implementations allow force and strain-energy error minimization approaches in the

equivalent linearization procedure.

• Results are comparable between the FORTRAN and DMAP implementations.

• Convergence is typically on the order of ten iterations for the force error minimization approach

and can be in the thousands of iterations for the strain-energy error minimization approach.

• Within the equivalent linearization analysis, the nonlinear solution space should be explored

using different weightings to determine whether multiple solutions exist.

• Results from the strain-energy error minimization approach have been previously shown to be

closer to a fully nonlinear analysis than are those from the force error minimization approach.

• Results from the strain-energy error minimization approach are more conservative (typically 5%

higher) than are those from the force error minimization approach.

• Post-processing results based upon the coupled equivalent linear system are more accurate than
those based upon an uncoupled system, but are obtained with greater computational effort.

• The FORTRAN implementation is more computationally efficient than the DMAP

implementation.
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Appendix A Software Distribution and Installation

Distribution

Requests for the ELSTEP software distribution should be submitted in writing to the following address:

Dr. Stephen A. Rizzi

NASA Langley Research Center

Mail Stop 463

Hampton, VA 23681-2199
Email: s.a.rizzi@la_rc.nasa.xov

The request should include the requester's complete name, address, telephone and fax numbers, email

address, and citizenship. The software will be distributed in an appropriate form following completion

and acceptance of a software usage agreement.

Installation

The ELSTEP source code is organized in the following tree structure:

-- README.TXT

-- dmap

README.TXT

dm 101D.v
I

dm 103D.v
I

dm 106D.v

doitD 1 .bat

doitD2 f.bat

doitD2 s.bat

doitD f.bat

doitD s.bat
I

eql_f.bdf

eql_s.bdf

gensffD.f

makeall.bat

makefile

nlcfs.bdf

param.h

postelfD.f

postelsD.f

prep 101D.f
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-- doc

prep103D.f

prep 106D. f

prepelD,f

README.TXT

NASA-TM-2001-210838.pdf (this document)

MSC_Conf_6-99.pdf

NASA-2000-7icrasd-sar.pdf

NASA-aiaa-99-1376.pdf

Strain-Recovery-Notes.pdf

example

-- README.TXT

-- dmap

fixeD.dam

fixeD.den

fixeD.mod

fixed .par

fixeD.sff

-- fortran

-- patran

post

README.TXT

fixed.dam

fixed.den

fixed.mod

fixed.parf

fixed,pars

fixed.sff

ssplate 1_eg.bdf

ssplatel_eg.db.jou

ssplate l_rd.bdf

ssplatel_st.bdf

ssplatel_st.db.jou

README.TXT

fixeD.mod
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fortran

post

fixeD111rd.bdfs

fixeDlll rd.bdff

README.TXT

cdinvt.f
dm 101.v

dm 103.v
dm 106.v

doitl,bat
doit2f.bat

doit2s.bat

eqlf.f

eqls.f
equiv_st.f

gendisp.f

gensff.f
inv,f

makeall.bat
makefile

nlcfs.f

param.h

prepl01.f
prep103.f

prep106.f
prepel.f

README.TXT

dm lllu.v
dm 1llc.v

strain700.v
strain705.v

doitD3£bat
doitD3s.bat
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The dmap directory off the main tree contains all the files required to run the DMAP implementation of

the analysis. All FORTRAN utility programs contained in this directory are platform independent and

should be compiled with a FORTRAN 90 compiler. The batch file makefile.bat will compile all

FORTRAN programs using the UNIX "make" utility. Prior to compilation, the values for the maximum

number of elements in the model (MAXEL), the maximum number of degrees of freedom in the model

(NSX), the maximum number of eigenvectors specified in the normal modes analysis (NEIGX), and the

maximum number of selected eigenvectors (NSELX) should be set sufficiently large in the file param.h.

The DMAP implementation uses string-based Alters of NASTRAN version 70.0.0. It is therefore

expected to be upward compatible with future versions of NASTRAN. Following compilation, the files

should be copied to the directory in which the analysis is to be performed.

The fortran directory off the main tree contains all the files required to run the FORTRAN

implementation of the analysis. All FORTRAN programs contained in this directory are platform

independent and should be compiled with a FORTRAN 90 compiler. The batch file makefile.bat will
compile all FORTRAN programs using the UNIX "make" utility. Prior to compilation, the values for the

maximum number of elements in the model (MAXEL), the maximum number of degrees of freedom in

the model (NSX), the maximum number of eigenvectors specified in the normal modes analysis

(NEIGX), and the maximum number of selected eigenvectors (NSELX) should be set sufficiently large in

the file param.h. Following compilation, the files should be copied to the directory in which the analysis

is to be performed.

Note that since some of the files created in the DMAP and FORTRAN implementations have the same

name, but differing content, the two implementations should be run in separate directories.

The post directory off the main tree contains all the files required to run the post processing analysis for

either DMAP or FORTRAN implementations. These files should be copied to the directory in which the

DMAP or FORTRAN analyses are performed. No compilation is required.

The doe directory off the main tree contains an Adobe Acrobat version of this document as well as

Acrobat versions of references [ 10-12 ].

The example directory off the main tree contains the files required to run the simply support plate

example problem used in this document. The dmap, fortran, and post sub-directories contain the input

files required to run the DMAP, FORTRAN and post-processing analyses, respectively. The files in these

directories should be copied to the appropriate analysis directory. The patran sub-directory contains

PATRAN bulk data files and database journal files for the simply supported plate model. When running

the example problem, two bulk data files (ssplatel_eg.bdf and ssplatel_st,bdf) should be copied to the
analysis directory. The third bulk data file, ssplatel_rd.bdf, has already modified for post-processing as

indicated in Section 2.3. The modified versions of this file are in the post sub-directory as

fixeD11 l_rd.bdfs and fixeDl 1 l_rd.bdff for the strain-energy and force error minimization approaches.

The only difference between the two files are the TABDMP1 card which indicates slightly different
damping bounds to reflect the different shifts in fundamental frequency associated with the two different

error minimization approaches. The appropriate one should be copied to the file fixeD11 I_rd.bdf in

order to run the post-processing analysis. The PATRAN databases themselves may be re-created (if

desired) using either the bulk data files or the database journal files.
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Appendix B Listing of Sample Normal Modes Analysis Bulk Data File

$ NASTRAN input file created by the MSC MSC/NASTRAN input file

$ translator ( MSC/PATRAN Version 8,0 ) on October 27, 2000 at

$ 18:06:02.

ASSIGN OUTPUT2 = 'ssplatel eg.op2', UNIT = 12

$ Direct Text Input for File Management Section

$ Normal Modes Analysis, Database

SOL 103

TIME 600

$ Direct Text Input for Executive Control

CEND

SEALL = ALL

SUPER = ALL

TITLE = MSC/NASTRAN job created on 27-Oct-00 at 15:49:00

ECHO = NONE

MAXLINES = 999999999

$ Direct Text Input for Global Case Control Data

SUBCASE 1

$ Subcase name : Eigen

SUBTITLE=Eigen

METHOD = 1

SPC = 2

VECTOR(SORTI,REAL)=ALL

$ Direct Text Input for this Subcase

BEGIN BULK

PARAM POST -i

PARAM PATVER 3.

PARAM AUTOSPC YES

PARAM COUPMASS 1

PARAM K6ROT 0,

PARAM WTMASS i.

9ARAM,NOCOMPS,-I

PARAM PRTMAXIM YES

EIGRL I i0 0

$ Direct Text Input for Bulk Data

$ Elements and Element Properties for region : elprop

PSHELL 1 1 .00102 1 1

$ Pset: "elprop" will be imported as: "pshell.l"

CQUAD4 1 1 1 2 31 30

CQUAD4 2 1 2 3 32 31

CQUAD4 3 1 3 4 33 32

CQUAD4 4 1 4 5 34 33

MASS

CQUAD4 557 1 576 577 606

CQUAD4 558 1 577 578 607

CQUAD4 559 1 578 579 608

CQUAD4 560 1 579 580 609

$ Referenced Material Records

$ Material Record : alum

$ Description of Material : Date: 27-0ct-00

MAT1* 1 7.3+10

* A 2763.

$ Nodes of the Entire Model

GRID 1 0. 0. 0.

GRID 2 .0127 0. 0.

GRID 3 .0254 0. 0,

GRID 4 .0381 0. 0,

605

606

607

608

Time: 15:41:56

.3

GRID 606 .3175 .254 0.

GRID 607 .3302 .254 0.

GRID 608 .3429 .254 0.

GRID 609 .3556 .254 0.

$ Loads for Load Case : Eigen
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SPCADD 2 1 3 4

$ Displacement Constraints of Load Set

SPCI 1 134 1 30

+ B 175 204 233 262

+ C 407 436 465 494

$ Displacement Constraints of Load Set

SPCI 3 134 29 58

+ D 203 232 261 290

+ E 435 464 493 522

$ Displacement Constraints of Load Set

SPCI 4 235 1 THRU

$ Displacement Constraints of Load Set

SPCI 5 235 581 THRU

$ Referenced Coordinate Frames

ENDDATA 15845flb

5

x0simple

59 88

291 320

523 552

xlsimple

87 116

319 348

551 580

y0simple

29

¥1simple

609

117

349

581

145

377

609

146

378

174

406
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Appendix C Listing of Sample Nonlinear Static Analysis Bulk Data File

$ NASTRAN input file created by the MSC MSC/NASTRAN input file

$ translator ( MSC/PATRAN Version 8.0 ) on October 27_ 2000 at

$ 16:51:35.

ASSIGN OUTPUT2 = 'ssplatel_st.op2', UNIT = 12

$ Direct Text Input for File Management Section

$ Nonlinear Static Analysis, Database

SOL 106

TIME 600

$ Direct Text Input for Executive Control

CEND

SEALL = ALL

SUPER = ALL

TITLE = MSC/NASTRAN job created on 27-Oct-00 at 16:47:55

ECHO = NONE

MAXLINES = 999999999

$ Direct Text Input for Global Case Control Data

SUBCASE 1

$ Subcase name : Default

SUBTITLE:Default

NLPARM = 1

SPC = 2

LOAD = 2

SPCFORCES(SORTI,REAL)=ALL

$ Direct Text Input for this Subcase

BEGIN BULK

PARAM POST -i

PARAM PATVER 3.

PARAM AUTOSPC NO

PARAM COUPM_ASS 1

PARAM K6ROT i00.

PARAM WTMASS ].

PARAM LGDISP 2

PARAM,NOCOMPS,-I

PARAM PRTMAXIM YES

NLPARM 1 1 AUTO 1 50 PW

* A I.+13 1.+13

* B

$ Direct Text Input for Bulk Data

$ Elements and Element Properties for region : elprop

PSHELL 1 1 .00102 1 1

$ Pset: "elprop" will be imported as: "pshell.l"

CQUAD4 1 1 1 2 31 30

CQUAD4 2 1 2 3 32 31

CQUAD4 3 1 3 4 33 32

CQUAD4 4 1 4 5 34 33

NO + A

* B

CQUAD4 557 1 576 577 606 605

CQUAD4 558 1 577 578 607 606

CQUAD4 559 1 578 579 608 607

CQUAD4 560 1 579 580 609 608

$ Elements and Element Properties for region : rodprop

PROD 2 1 .01

$ Pset: "rodprop" will be imported as: "prod.2"

CROD 561 2 1 610

$ Referenced Material Records

$ Material Record : alum

$ Description of Material : Date: 27-Oct-00

MAT1* _ 7.3+10

* C 2763.

$ Nodes of the Entire Model

GRID _ 0. 0. 0.

GRID 2 .0127 0. 0.

GRID 3 _0254 0. 0.

GRID 4 ,0381 0. 0.

Time: 16:28:40

.3 * C
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GRID 606 .3175 .254

GRID 607 .3302 .254

GRID 608 .3429 .254

GRID 609 .3556 .254

GRID 610 -.05 O.

$ Loads for Load Case : Default

SPCADD 2 1 3 4

LOAD 2 I. I. 1

$ Displacement Constraints of Load Set

SFCI 1 134 1 30

+ D 175 204 233 262

+ E 407 436 465 494

$ Displacement Constraints of Load Set

SPCI 3 134 29 58

+ F 203 232 261 290

+ G 435 464 493 522

$ Displacement Constraints of Load Set

SPCI 4 235 1 THRU

$ Displacement Constraints of Load Set

SPCI 5 235 581 THRU

$ Displacement Constraints of Load Set

SPCI 6 123456 1 THRU

$ Nodal Forces of Load Set : dummy_f

FORCE 1 610 0 12.

$ Referenced Coordinate Frames

ENDDATA dbd9fe3d

0.

O.

O.

O.

O.

5 6

x0simple

59 88

291 320

523 552

xlsimple

87 116

319 348

551 580

yOsimple

29

ylsimple

609

constrained

609

i. O. O.

117

349

581

145

377

609

146

378

174

406
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Appendix D Listing of Sample Random Analysis Bulk Data File

$ NASTRAN input file created by the MSC MSC/NASTRAN input file

$ translator ( MSC/PATRAN Version 8.0 ) on October 27, 2000 at

$ 17:57:54.

ASSIGN OUTPUT2 : 'fixeDll] rd.op2', UNIT ]2

ASSIGN INPUTT4 = 'fixeD.mod', UNIT = 65, FORM = FORMATTED

ASSIGN INPUTT4 = 'st.dat', UNIT = 82, FORM = FORMATTED

ASSIGN INPUTT4 = 'egveH.dat', UNIT = 83, FORM = UNFORMATTED

$ Direct Text Input for File Management Section

$ Frequency Response Analysis, Modal Formulation, Database

SOL 111

TIME 600

$
$ For an uncoupled system, include the following

INCLUDE 'dm lllu.v'

$ OR, for a coupled system, include the following

$ INCLUDE 'din lllc.v'

$
$ For strain recovery, include one of the following:

$ For NASTRAN version 70.0 -

$ INCLUDE 'straln700.v'

$ For NASTRAN versions 70.5 or 70.7 -

$ INCLUDE 'strain705.v'

$
$ Direct Text Input for Executive Control

CEND

$ Elements for group : center elem

SET 1 = 266,267,294,295

$ Nodes for group : center nodes

SET 2 = 275,276,277,304,305,306,333,334,335

SEALL = ALL

SUPER = ALL

TITLE = MSC/NASTRAN job created on 27-0ct-00 at 15:49:00

ECHO = NONE

MAXLINES = 999999999

$ Direct Text Input for Global Case Control Data

SUBCASE 1

$ Subcase name : random

SUBTITLE=random

METHOD = 1

FREQUENCY = 2

SPC = 2

LOADSET = 1

DLOAD = 2

DISPLACEMENT{SORTI,REAL)-2

STRESS(SORTI,REAL,VONMISES,CENTER)=I

$ STRAIN(SORTI,PLOT,REAL,FIBER)=I

$ Direct Text Input for this Subcase

SDAMPING=400

RANDOM=I

OUTPUT(XYPLOT)

PLOTTER NAST

$ Following lines specific to desired output

XYPUNCH DISP PSDF / 305(T3)

XYPUNCH STRESS PSDF / 266(3)

XYPUNCH STRESS PSDF / 266(5)

XYPUNCH STRESS PSDF / 266(7)

BEGIN BULK

PARAM POST -I

PARAM PATVER 3.

PARAM AUTOSPC YES

PARAM COUPMASS 1

PARAM K6ROT 0.

PARTLM WTMASS i_

PARAM,NOCOMPS, 1

PARAM DDRMM -i

PARAM PRTMAXIM YES
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EIGRL 1 I0 0

FREQI 2 0. ,25 4096

$ Direct Text Input for Bulk Data

$ Elements and Element Properties for region : elprop

PSHELL i i .00102 i i

$ Pset: "elprop" will be imported as: "pshell.l"

CQUAD4 1 1 1 2 31 30

CQUAD4 2 1 2 3 32 31

CQUAD4 3 1 3 4 33 32

CQUAD4 4 1 4 5 34 33

CQUAD4 557 1 576 577 606

CQUAD4 558 1 577 578 607

CQUAD4 559 1 578 579 608

CQUAD4 560 1 579 580 609

$ Referenced Material Records

$ Material Record : alum

$ Description of Material : Date: 27-0ct-00

MAT1* 1 7.3+10

* A 2763.

$ Nodes of the Entire Model

GRID 1 0. 0. 0.

GRID 2 .0127 0. 0.

GRID 3 .0254 0. 0.

GRID 4 .0381 0. 0.

605

606

607

608

Time: 15:41:56

.3

GRID 606 ,3175 .254

GRID 607 .3302 .254

GRID 608 ,3429 .254

GRID 609 .3556 .254

$ Loads for Load Case : random

SPCADD 2 1 3 4

RLOADI 4 5

LSEQ I 5 3

DLOAD 2 I. I. 4

$ Displacement Constraints of Load Set

SPCI 1 134 1 30

+ B 175 204 233 262

+ C 407 436 465 494

$ Displacement Constraints of Load Set

SPCI 3 134 29 58

+ D 203 232 261 290

+ E 435 464 493 522

$ Displacement Constraints of Load Set

SPCI 4 235 1 THRU

$ Displacement Constraints of Load Set

SPCI 5 235 581 THRU

$ Pressure Loads of Load Set : pressure

PLOAD4 3 1 -i.

$ Referenced Dynamic Load Tables

$ Constant Load Table

TABLED1 1

0.

O.

O,

O.

x0simple

59 88

291 320

523 552

xlsimple

87 116

319 348

551 580

y0simple

29

ylsimple

609

117 146 +

349 378 +

581

145 174 +

377 406 +

609

THRU 560

+ F O. i. 1024. i. ENDT

$ .....................................................

$ RANDOM INPUT, flat spectrum (2048 Pa RMS, 0-1024 Hz = 160.2060 dB OASPL)

$ .....................................................

RANDPS 1 1 1 1.0 0.0 101

TABRND 1 i01 LINEAR LINEAR

*TBR001 0.0 4096.0 I024.0 4096.0 ENDT

$ .....................................................

$ DAMPING TABLE, constant over frequency

$ .....................................................

TABDMPI 400 CRIT

+DR1 0.0 0.02 446.0 0.02 446.00 0.0054 SKIP

÷DP2 1024.0 0.0054 ENDT

$ Referenced Coordinate Frames

ENDDATA b72605e7

+TBR001

+DPI

+DP2
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Appendix E Listing of Sample Bulk Data File "fixedl03_eg.bdf"

$ NASTRAN input file created by the MSC MSC/NASTRAN input file

$ translator ( MSC/PATRAN Version 8.0 ) on October 27, 2000 at

$ 18:06:02.

ASSIGN OUTPUT2 = '£ixedl03eg.op2', UNIT = 12

ASSIGN OUTPUT4 = 'egvec.dat', UNIT=f5, FORM=FORMATTED

ASSIGN OUTPUT4 = 'egveH.dat', UNIT=87, FORM=UNFORMATTED

$ Direct Text Input for File Management Section

$ Normal Modes Analysis, Database

SOL 103

TIME 600

$
INCLUDE 'din 103.v'

$

The remaining lines are the same as those in the normal modes bulk data file (see Appendix B).
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Appendix F Listing of Sample Bulk Data File "fixedl06_st.bdf"

$ NASTRAN input file created by the MSC MSC/NASTRAN input file

$ translator ( MSC/PATRAN Version 8.0 } on October 27, 2000 at

$ 16:51:35.

ASSIGN OUTPUT2 = 'fixed106 st.op2', UNIT = 12

ASSIGN OUTPUT4 = 'f N.frc', UNIT = 15 , FORM=FORMATTED

ASSIGN INPUTT4 = 'displ.inn', UNIT = 17 , FORM=FORMATTED

$ Direct Text Input for File Management Section

$ Nonlinear Static Analysis, Database

SOL 106

TIME 6OO

$
INCLUDE 'din 106.v'

$
$ Direct Text Input for Executive Control

CEND

SEALL - ALL

SUPER = ALL

TITLE = MSC/NASTRAN job created on 27-Oct-00 at 16:47:55

ECHO = NONE

MAXLINES - 999999999

$ Direct Text Input for Global Case Control Data

SUBCASE 1

$ Subcase name : Default

SUBTITLE-Default

NLPARM = 1

SPC = 2

LOAD = 2

SPCFORCES(SORTI,REAL)=ALL

SUBCASE 2

$ Subcase name : Default

SUBTITLE=Default

NLPARM =

SPC = 2

LOAD = 2

SPCFORCES(SORTI,REAL)=ALL

SUBCASE 3

$ Subcase name : Default

SUBTITLE=Default

NLPARM = 1

SPC = 2

LOAD = 2

SPCFORCES(SORTI,REAL)mALL

SUBCASE 4

$ Subcase name : Default

SUBTITLE=Default

NLPARM = 1

SPC = 2

LOAD = 2

SPCFORCES(SORTI,REAL)=ALL

SUBCASE 5

$ Subcase name : Default

SUBTITLE=Default

NLPARM = 1

SPC = 2

LOAD = 2

SPCFORCES{SORTI,REAL)=ALL

SUBCASE 6

$ Subcase name : Default

SUBTITLE=Default

NLPARM = 1

SPC = 2

LOAD = 2

SPCFORCES(SORTI,REAL)=ALL

SUBCASE 7

$ Subcase name : Default

SUBTITLE=Default
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NLPARM = 1

SPC = 2

LOAD = 2

SPCFORCES(SORTI,REAL)=ALL

$ Direct Text Input for this subcase

BEGIN BULK

The remaining lines are the same as those in the static analysis bulk data file (see Appendix C).
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Appendix G Listing of Sample Bulk Data File"fixedlOl_st.bdf"

$ NASTRAN input file created by the MSC MSC/NASTRAN input file

$ translator ( MSC/PATRAN Version 8.0 ) on October 27, 2000 at

$ 16:51:35.

ASSIGN OUTPUT2 _ 'fixedl01 st.op2', UNIT = 12

ASSIGN OUTPUT4 = 'fl L.frc T, UNIT = 15 , FORM=FORMATTED

ASSIGN INPUTT4 s 'dispL.inn', UNIT = 17 , FORM=FORMATTED

$ Direct Text Input for File Management Section

$ Nonlinear Static Analysis, Database

SOL I01

TIME 600

$
INCLUDE 'din 1Ol.v'

$
$ Direct Text Input for Executive Control

CEND

SEALL = ALL

SUPER = ALL

TITLE = MSC/NASTRAN job created on 27-Oct-00 at 16:47:55

ECHO = NONE

MAXLINES : 999999999

$ Direct Text Input for Global Case Control Data

SUBCASE 1

$ Subcase name : Default

SUBTITLE=Default

NLPARM - 1

SPC = 2

LOAD : 2

SPCFORCES(SORTI,REAL)=ALL

SUBCASE 2

$ Subcase name : Default

SUBTITLE=Default

NLPARM = 1

SPC = 2

LOAD = 2

SPCFORCES(SORTI,REAL)=ALL

$ Direct Text Input for this Subcase

BEGIN BULK

The remaining lines are the same as those in the static analysis bulk data file (see Appendix C).
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Appendix H Listing of Sample Bulk Data File "fixeD] 03_eg.bdf"

$ NASTRAN input file created by the MSC MSC/NASTRAN input file

$ translator ( MSC/PATRAN Version 80 ) on October 27, 2000 at

$ 18:06:02.

ASSIGN OUTPUT2 = 'fixeDl03_eg.op2', UNIT = 12

ASSIGN OUTPUT4 = 'egvec.dat',UNIT = 15,FORM=UNFORMATTED

ASSIGN INPUTT4 = 'flxeD.mod',UNIT = 65,FORM=FORMATTED

ASSIGN OUTPUT4 = 'displ.pr2',UNIT - 79,FORM=FORMATTED

ASSIGN OUTPUT4 = 'displ.pr3',UNIT = 80,FORM=FORMATTED

ASSIGN oUTPUT4 = 'displ.pr4',UNIT - 78,FORM=FORMATTED

ASSIGN OUTPUT4 = 'displ.inn',UNIT = 81,FORM=UNFORMATTED

ASSIGN 0UTPUT4 = 'dispL.inn',UNIT - 82,FORM=UNFORMATTED

ASSIGN OUTPUT4 = 'egveC.dat',UNIT - 77,FORM=UNFORMATTED

ASSIGN OUTPUT4 = 'egveH.dat',UNIT - 87,FORM=UNFORMATTED

ASSIGN OUTPUT4 = 'egveCa.dat',UNIT = 83,FORM=FORMATTED

$ Direct Text Input for File Management Section

$ Normal Modes Analysis, Database

SOL 103

TIME 600

$

INCLUDE 'dm 103D.v'

$

The remaining lines are the same as those in the normal modes bulk data file (see Appendix B).
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Appendix I Listing of Sample Bulk Data File "fixeDl06_st.bdf"

$ NASTRAN input file created by the MSC MSC/NASTRAN input file

$ translator ( MSC/PATRAN Version 8.0 ) on October 27, 2000 at

$ 16:51:35.

ASSIGN OUTPUT2 = 'fixeDl06 st.op2', UNIT = 12

ASSIGN OUTPUT4 = 'f N.frc',UNIT = 15 ,FORM=UNFORMATTED

ASSIGN INPUTT4 = 'displ.inn',UNIT = 17 ,FORM=UNFORMATTED

$ Direct Text Input for File Management Section

$ Nonlinear Static Analysis, Database

SOL 106

TIME 600

$
INCLUDE 'din 106D.v'

$
$ Direct Text Input for Executive Control

CEND

SEALL = ALL

SUPER : ALL

TITLE = MSC/NASTRAN job created on 27-Oct-00 at 16:47:55

ECHO = NONE

MAXLINES = 999999999

$ Direct Text Input for Global Case Control Data

SUBCASE 1

$ Subcase name : Default

SUBTITLE=Default

NLPARM : 1

SPC = 2

LOAD = 2

SPCFORCES(SORTI,REAL)=ALL

SUBCASE 2

$ Subcase name : Default

SUBTITLE=Default

NLPARM = 1

SPC = 2

LOAD = 2

SPCFORCES(SORTI,REAL)=ALL

SUBCASE 3

$ Subcase name : Default

SUBTITLE=Default

NLPARM = 1

SPC = 2

LOAD = 2

SPCFORCES(SORTI,REAL)=ALL

SUBCASE 4

$ Subcase name : Default

SUBTITLE=Default

NLPARM = 1

SPC - 2

LOAD = 2

SPCFORCES(SORT1,REAL)=ALL

SUBCASE 5

$ Subcase name : Default

SUBTITLE=Default

NLPARM = 1

SPC = 2

LOAD = 2

SPCFORCES(SORTI,REAL)=ALL

SUBCASE 6

$ Subcase name : Default

SUBTITLE=Default

NLPARM = 1

SPC = 2

LOAD = 2

SPCFORCES(SORTI,REAL)-ALL

SUBCASE 7

$ Subcase name : Default

SUBTITLE=Default
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NLPARM = 1

SPC = 2

LOAD = 2

SPCFORCES(SORTI,REAL)=ALL

$ Direct Text Input for this Subcase

BEGIN BULK

The remaining lines are the same as those in the static analysis bulk data file (see Appendix C).
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Appendix J Listing of Sample Bulk Data File "fixeD l Ol_st.bdr'

$ NASTRAN input file created by the MSC MSC/NASTRAN input file

$ translator ( MSC/PATRAN Version 8.0 ) on October 27, 2000 at

$ 16:51:35.

ASSIGN OUTPUT2 = 'fixeDl01 st.op2', UNIT = 12

ASSIGN OUTPUT4 = 'flL.frc?,UNIT = 15,FORM=UNFORMATTED

ASSIGN INPUTT4 = 'dispL.inn',UNIT = 17,FORM=UNFORMATTED

$ Direct Text Input for File Management Section

$ Nonlinear Static Analysis, Database

SOL I01

TIME 600

$
INCLUDE 'din 101D.v'

$
$ Direct Text Input for Executive Control

CEND

SEALL = ALL

SUPER = ALL

TITLE = MSC/NASTRAN job created on 27-Oct 00 at 16:47:55

ECHO = NONE

MAXLINES = 999999999

$ Direct Text Input for Global Case Control Data

SUBCASE 1

$ Subcase name : Default

SUBTITLE=Default

NLPARM = 1

SPC = 2

LOAD = 2

SPCFORCES(SORTI,REAL)=ALL

SUBCASE 2

$ subcase name : Default

SUBTITLE=Default

NLPARM = 1

SPC = 2

LOAD = 2

SPCFORCES(SORTI,REAL)=ALL

$ Direct Text Input for this Subcase

BEGIN BULK

The remaining lines are the same as those in the static analysis bulk data file (see Appendix C).
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